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A b s t r a c t :

1  ‘Ialld)ary callicra ilnagcx of IIIJ g’auri  h a v e  l)ccn  01)1 aind I,hroup,]]  lr, 1{, and 1 band  filters

(
using tll)c Wide l’icld anjjl’lanctlary Camera 2 aboard t)l IC rcfurbisltcd IIuhblc  Space ‘1’clcscopc. “(

‘1’l)csc ilnagcs sl)ow t,llat 111,  ‘1’auri  is cntlirdy r e f l ec t ion  nel )u]osity  at, 0] )1 ical w~avelengtlls,  w i t h  n o

o])tical star visil)lc to a limitli~lg magnitude of V== 2.5.5. ‘1’hc  optical ncl)ula extends N]’] of the st,cllar

])osit,io]l alol)g  tllc direction  o f  I l lJ  ‘1’au’s o])tical jd and h a s  all unmllal “lcttcl’ c “  molq)hology.

‘1’llc lniglltl  CON} of tll)c IIcl)ula  is o]ily  1 ” in sire, a]ld  is centcrd o]Ily 1.2” from tjllc actual stellar

l)ositioll, WC cstimat,c t,llat visual cxtindion  toward tllc u])sccn  ])oint, sollrcc is at least 22 mag, and

tlllat tl]c stellar ])llotos])llcric lumil]osity must bc at least :3 I,c,. ‘1’llcsc  findings corroborate otllcr

cvidcllcc tl]latj this star is sigllificant)ly  yoLln Rcr an(] more clnbcddcd t)liall tj~])ical ‘J’ ‘1’auri stars,

S7LlJjcci lIcadz7Lgs:  circunlst,cllar l~)atlt,cr  s t a r s :  i nd iv idua l  (111,  ‘1’au) stars: ]nemaill scqucmcc
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1, lnt,roduction

111, ‘J’auri l)as  lJccI) collsidcrd  a lnoi,oi,ypc  so]ar-lnass

a]]dogous  to tlllc car]y solar nclm]a prior to planet format ion (Sargent< 1!)89). Scvcra]  ])ropcrtim of

111,  ‘] ’auri suggest illatj it is unusual among’J’  ‘1’allri stars I t  istll(:soll?(:cc)f.a collilllatccl ol~tical
~{ ‘(

jd at 1’A 51°. Stmllg l~lucslliftcd  f o r b i d d e n  ]inc e m i s s i o n  emissiol~”is  su]J+~)’&d  011 tllc st,cllar ‘ “

sl)cct,ruln, illdicat,i)lg tlllat, t,l)e jet fonos  very close to tllc sl, ar (IL4undt c{ al. 1990),  111,  ~’au is also

an Cxcc])tliollal  ol)jcctl  ill t)crnls  of ills circulmstdlar  mat,cria] prol)crties. It hastlhc highest o])tica]

])olarixatio]l (11%)  alllollgthcrl’ ‘J’auri stars survcyd  by IIasticl] (1982) .  lnfrarcd icc and s i l i ca te

al~sor])tlioll f ea tu re s  arc]wcsclltf in itssl)cxtmm (Whitftct [/ al. 1983; Col)cn  and Witlt,cl)orn  1985),

ltisi~s t,lollgll  iASsolll(:call flollc()ft l]cfc\v rl'~'~] llIist,alsm~itll  tlflats  l)c\(tla lellc~gyclis  tli})lltioll

out to 1 0 0  /111)  (Adallls, l,ada, and S h u  1988).  1~1 t h e  ~])illimet(:r  and sl]l)]]lilli]llctc] continuum,

111, ‘1’a(l  is  by ft~lt,ll[:l j]iglltcstsol  ]]cca]l]ollgall”  tl)crll’J’a~wi  stars ill ‘Ja[lrus, wit,ll acirculnst,dlar

]nass IIear  0.1 Mc) l)ci)lg  i nd ica t ed  (Ikd{with  ct al. 1990).  Millin]ctcr illt,{’lfclol]l(:t,c:l  ~Ilal)s s h o w

a flattcllcd distril)utioll  of 1~~~) Illo]cclllal ~ltlissioll  cxt,c]lding  t o  ra(lii of 2000 AIJ (15”;  Sargmt,

al]d  lkxkwitl) 1{191), witlll avdocity  stjrllctllrccollsistjcllt uith acolllljillzlt)ioll”  ofrotatiou  and illfall

lnotiol] ill a [.il(:lllllst,cllal{lisl<  (Ilayas]li,  Ohaslli, and hliyalna 1993).  Slll}lllillilllctcl’t~llcl  millinlctcr

illt,clf(:l[)lllct~ysllow that the dmlscst part of the dis]i is ml(cll  smaller (().7” = 100 A[J ill diameter:

l,ay ct al. 1994; Salg(:]ltal l[ll{oclll(:11995). Afillal clistillg\~lis}  lil~gcllaTiict(  :~isti(:[)fII  I,rl'a~listll at,

it is dassificd  as a ‘icolltlilluum  star” - the stellar s])cctrum sl)ows o])ly weak illtcnnittcnt  al)sorption

fcaturm (Collc]t  &, l<ulli  197!1).  ‘J’llis  h a s  b e e n  illtcr]mtcd as stroll:, lcilil[g of  tllc ])llotos])llcric

s])cct,ruln  l)y co]lti]]uu]]l  c]nissio]]  l)roduccd  by a c c r e t i o n  o]lt,o t,ll(’ Ce]ItlIal  slar  (Ilasri al]d  13at,  allla

1990).  ‘J’l]c coll~l)illatioll  of unusually promilient  signatures of outflo~v. circu~nstdlar  matter, and

accrct,im~  s u g g e s t  t,llat 111,  ‘J’au is youngw  than ty])icd ‘1’ Tauri stars , a]]d thus  it m a y  l)c onc o f

tlllc fmv q)tfically visil)lc  ])]otostjcllal{)l] jccts.

lligll sl)allial  rcsolutlioll  ilnagil]~ of Ill J ‘1’au at visil)lc  wavclmlgtllls  is of .grcat  interest ,  for  i t

ofkm tllc ()])])()lt)llllitjj’  to ]wobc  the distjrihutioll o f  mattm and o])tical dcl)lh ill t]lc circumstjcllar

d i s k  and c]wclol)c. S])cct,ra]  ]nodcls prcdid  t h a t ,  t,hc dislc slioul(]  o])aqllc  at, visiljlc wavclcngt,])s
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( c f .  IIccl<wit,ll  ctd. 1{){1()),  all[lil,llso  l)lyits(, lli,c]sll lfa((ssll(,l llcll,cill 11, ,,illat(:[l. Modclsforl,l,c

visiljlc light, scatt,crd l)y sllcl) disks and associated cnvclo])cs  have been calcIIlatcd l)y JW]illncy  and

IIartl]]la]lll  (1992,1993). ol]lIISrl’c) lJsclvatjio]lsm[,  rcclcsigllccl  {Jostludyl]lis (il(:ll]llst,cllar]  cflc{:tiol]

]lcl)ulosit)<y  agail]stl  t,]lc l)rigllt,  l)ackg,rou]l[l  of’tlIe stlcl]ar  poi]ktj s p r e a d  fll]lct,io]l.

I I l .  Obscrvaiions

f

s])llcrical al)cnat,ion  ])mwlt ill II S’I”S ]wimary nlirror, yielding a ])oi])t s]m:ad funct ion full  widi,ll

IIalf  ]I]axilnll]n  of (),12“ at, A== 555 nm.  A rcvimv  of t,llc WII 1’(32 o]l-orl)ii  status is given  by  ‘J’raugcr

ct d (’1994). ‘J’l]c’111, ‘1’:Lu  ilnagcs wmc  tlakcll usin[i  t,llc f/2S,3 l’lalletaly CIamcra  (1 ])ixcl= 0.0455”)

o]] l“cl)ruary 27 1994,  wit]] tl]c following  filtcm and cq)osllrc times: 1“~[)~111,  350  SW; 1“675W, 120
> {’

see; all(l 1~814W, 60 mc. ]Inagc ]lroccssillg stc])s  illcludcxl  suhtractlion of l)ias  levels derived from

rows 8-14 of t,l]c ovcrscm),  sul)t,ractioll of a su])crl)ias i]llag(, , Suhtractlio]l  of a Colll])ositc  dark  frame

scald to t,l)c il)dividual cx])osurc tilncs, tl)c rmlloval  of coslnic rays via r(q)laccmcllt,  of affcct,d ])ix-

cls l)y a loud ]Ilcdia]l,  and flat fidding.  l’hotomctric calilm ation of tjllc i)ltagcs was done using data

from vcrsiol]  2,() of tllc WI  I’I’(12 IIlstmmcnt IIalldl]ook (Ill irrows  1994), Astrolnct,ric  ca]ibratioll of

tllcsc ilnagcs was do]lc  using tllc solutlioll  given  by Iloltxnlau  cl ol. (19!15) .

111. Iksults

‘1’llc IIlost  striking  fcatlurc  of tllcsc illlagcs is tllc colll])lctc almncc of all ol)tical stel lar  l)ointf

source;  o]l]y reflection IIcl)lllosity  is ])rcsmlt, (1’ig, 1 and l’ip,. 2a). ‘1’llc ]k(,l)ula sccl] by llSrJ’ is just,  a

fcw arcsccol)ds  across, and thus IIlustf  rclmscllt the bright)  illllcr core of tl]c lcflcctioll IIcbula which

cxtmids l)ryoII(l  1 O“ from 111,  ‘J’au ill all dircctliolls  (Gldllill and Scanx)tt 1 989). Most of t,llc ol)tical

l i g h t  coIIlcs  f]oni Illc cclltral arcsccolld2, a f a d  wllicll  accounts  for I]OW tl]c IIcl)ula  w a s  IIlistlalicll

for  tlllc star itsdf ill grou]ld-l)asd  s t u d i e s . ‘1’his l)rigllt, c(ntral rcgio])  has all ul]usual “ l e t t e r  C“

lllor])l  Iology, wit,])  tl]c arms of tlIC W“ ])ointil]g  Ilort,lI, ‘1’hc  soutll]wcs(ml]  edge of t,l]c ]Icbu]a  is
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slla,r]); otllcr cxlgcs arc mud] more (Iiflusc,

‘J’]]c  distriblltioll of tllc V-I (1~5551V-l~f$14YV)  color in t I)c ]lcl)llla  is s1]ow]] in l’ig.  21). As would

l)C cx])cctlcd  frolll  fywu]ld--lmsd ])llotomctry,  the IIclm]a  IIas an owrall  rd color.  ‘I1lIC l)ri~htxst,

l)art of tlIc IIcl)ula  is also illIC least  d (V-~~:  1 II)ag),  wil]l  tl]c l)lucst rcp,ioll foul)d  just,  IIorth  o f

tflIC l~riglk  castl-west) lmr wllicll  forn]s  tllc back of 1 lIe ‘(C)’. Grcatcs{ rcddc]lillg is folllld  0]1 tllc failltl
,}Y

S\V  edge of t,]]c llcl~llla,  with V-]= 2.5 map, at a s])ot  ill this rcgio]l. ‘J’lIc dark rcgioll forming  tl]c
rl

illtlcrior  of I,llc l]cl)ular “<~” sllmvs  litt]c color diff’emlcc  from its Sllllollll(lillgs.

It is critically illl])ortlant,  to cstlablisll  tllc stdlar l)ositif)n  of111, ‘1’au  wit]] rcs])cct to t,l]c o])tfical

rdlcctioll )lcljuki. ‘1’llc 1110s( ]mcisc st)cllar  ]Josition  availahk is givc)l I)y l{mlriguc~j  C{ d. ( 1 9 9 4 )

fro]n  V1,A 3.6 c]t) ra(lio colltillllun}  ~llal)s: o ❑ = 04’’ 28’’’ 44.38s, 6 =- -+ 18 °07’35.0’” wit]l all ullccrt,ainty

of O. 1”; tlllis agrms  well wit])  tllc 1.3 mm col]ilinullln  ])ositioll  dctcrl]lill(~(l  l)y Sargcl)tl  and Kocr]lm

(1 995).  lJ1lfO1tllllat(:l~~ oIlly  O])C g u i d e  star is  visible to the 11S”1’  I’illc  Gllidal)cc S e n s o r s  when

olxwrvil]g  111,  ‘I’au, aIld  tf]lus it was not ])ossiblc  to dctcrmi)lc a good ])osit ion for  tlllc o])tical nebula

frol]l  our t)l)scl~~[~tiolls. llcrl)i~ al]d IIcll  ( 1  988)  and Strom ct a l . (1 986) give alxmlutc ol)tical

])ositiolls for  111, ‘J’au wllicll, alt,lloup;l] disarming by a full arcsccolldj l)ot,l) ])lacc  t,l)c nebula  N}; of

tll)c radio I)ositlioll by ]norc  tl]al~ 1“.

‘J’llc oIIly satisfactory way to ]o(atc t,hc star in the llSrl” fralncs is to aSSIIIIIC t,llat t,llc 171,A radio

continuum  source is s])ai)ially  coincidcntj  with the star itsc]f and llsc t hc IIcarl)y  star XZ ‘1’au as a

rcfcrmlcc ])oillt. XZ  ‘J’au lies al)out 24” cast of 111,  l’au and is also dct,cctd at 3.6 cm by I{odrigucz

ct a l .  lJsillg tllc offsd  l)ctwccll t,hc V1,A ]msitiolls o f  tllcsc t w o  stars, it s h o u l d  l)c ])ossil)lc  to

dctlcrmillc tlllc radio ]mitjiol] of llIJ ‘J’au ill tlhc lIS~’  i)oagcs to witllill 0.2”, lJllf[)~tllllat~:ly  XZ ‘J’au

itsdf dots ]lot  a]q)car 011 our I’C  image; it, falls just ofJ” the to]) right cor])rr  of tllc 1’C detector, and

thus is )]ot ilnagcd by ally of tjllc \V1(l cameras. Wc cau still ])rocccd  willlout lillOWICdgC of XZ  ‘J’au>s

])ositioll l)y Ilsillg  it, as a rcfcrcllcc ])oil)t  for offset, astrolnctl ,y. ‘1’llc vector l)ctwccll t,hc 111, ‘l’all radio

s o u r c e  al](l t,llc o])tica]  ]lcl)ula is silnply cqua] to tllc (Iifl(rcllcc ])ctmw~ll tllc XZ/111,  r a d i o  Ofrsctl
vector all(l  tlllc XZ/1 11, o])tlica]  of[sctj vcdmr. ‘J’llc radio oflsct vector is An I: –23.9”, Ad = + 0.5”.

ol)tical ofl’set vcdors dmivcd fronl  lIcrbig  and IIc]l (198S) (Ao = --22.5”, A6 =: + 1.0”) a])d S t r o m
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cl al. (1986)  (A~ =-- -22.8”, A6 =- -I 1.0”) disa~mc with c:tcll other ly 0.3”. 1]) llo]~cs of resolving

t h i s  (Iiscrc])allcy,  wc l]avc  ])lcasud tllc ofrsct  lJct1i7cc11  111, and XZ ‘J)au llsillg  V l)and CC]) ima~cs

ol)taillcd at tlllc IJowell olmrvatory  Ilall ‘1’dcsccqw  in M arc]l  1 9 9 4 . ,~ftcr solving for tllc I)latc

s c a l e  aI]d roi, at,iol] ill t,llis dimd i m a g i n g  systcm using al) astlronlctric fi(:ld  ill N467  (Molltlgolncry,

h4a1xclIall,  and .laI~cs 1993),  wc find an o]dical of[s{!t  vector of Ao = -- 23.0”, AJ =- + 0.7”, with all

uliccrtailtty 0.2”; tliis result dots not agrm with cilhcr of t llc ])ul jlislld (Jffscts. ‘J’llm tllc available

srouIl{l-lEwcd  astro~llct,ry call only constrain the ccntroid {)f tllc optical IJcl)IIla  10 lic gmlcrally NFI

of tllc V1,A l)osil,io]l  al a dist,anm l)ctwcc])  0.9 aIId 1 . 4” . 2’lIis rules out the ])ossibili(jy  that the

s t a r  colll(l  lic witlllill  Ill]c I)rigllt,  llcl)u]ositfy.

Altl)ollg]l XZ ‘1’all d o t s  not alqwar  ill our inlagcs, i t C1OCS  lic clcwc o]loIlglI to the edge of tllc

l’lal~ctar-y  Ca]I)cIa ilnagc so that, s h a r p  difrractioll s])ikcs can bc ser]~. XZ ‘l’all is a close l)illary

(Ilaas d al. 1990) ,  and tllc s])ikcs  at I’A 99° arc clear].v c1ou1)IwI  wit 11 a  separat ion of  0 .3”.  It

i s  l)ot  yot c l ea r  wl]icll  o])tica]  coIt~IJoncl)t corrcs])onds  I o  the llnrcsolvd XZ ‘1’au VJ,A  s o u r c e ,

s o  wc ado])t tlllc cm)tm’  of  tlllc s,ystcm  as a com]mnnisc rcfcrcncc ])oi])t. ‘J’llc illtcrscctioll of tfllc

])[:ll)(:ll(li[:lllal  diifractioll s])ikcs  ddincs  tllc ‘fvirt ual”  pixel  ])ositioll for tl]lc Cclltfc!r  of tllc XZ “J’au

systw]i: :/: T 768, ?/ = 822. Ilsillg t]]c  oflkd bctwc(:ll  tllc 111,  ‘1’au and X7, ‘J’all radio sources reported

l)y l{odl’igucz  (!t d ., ald carefully accoul)tting  for t)llc cflcctjs of VV1’’l’(~2’s field distortion on tllc

oflkct  ;lstlloll)(:tll~r, wc d e r i v e z =: 463,  y = 385 as tlllc pixd p o s i t i o n  for  {Jl)c star. ‘J’llis  ~)laccs t h e

r]ltlirc  I]cl)ula  o)) tlllc llortlllcastj  side of IIIJ ‘J’au, w i t h  t)lI(  ccmtlroid of tllc scattcrd liglk oflsd b y

1.2” at I’A= 59°.  ‘1’licrc  is very liitlc llcl~ular  light at tllc il]fcrrcd stellar ])ositioll.

‘1’llc ])ositliol] dctlcrll]illd for tlllc star is quit(!  masonablc  i]] light of w]latj is kllowli  about  ot,hcr

youl]~  stellar ol)jcct rcflcctli(lll  ncl.mlac, First, tlic star is located oll tl~c side of t,llc IIcl)Illa  Ol)l)ositc

10 tll)c l)lucslliftd  o])tica]  jet - that is ,  “ulmtrcalll” of  tllc Hclmla  as would  lx: mqmtd. S e c o n d ,

tllc star is follll(l  0)1 tlllc Si(lc of tllc llclmla whicl]  IIas tlllc most  sllarl)ly cl(find dgc (see Fig 2a . )

‘1’llc  ({))](:(:l]tlzlt<ioll  of C’il”(”lll)lSt~ llilr mattm at tjllc (“Clltfl’iLl ol)jcct S]lollld lca(l  to lar~cr al)sorbillg

colll]nlw  alt{] 141111s stfm])cr  .yadim]ts ill IIcbular light, as t hc stlcllar  ])osit, ion is a])proacllcd,  just,  a s

W(! Ol)scl”v(! for 111, ‘J’all.



‘1’o cstal)]is]l li)i~it,illg magnit,u[lcs for 111,  Thu  it,sclf, 1 ‘Iallctary Cal)l(ra ])oillt  s])mad fullctio]ls

of variolls aln])litlldcs were added illtfo the ilnagcs at, tllc radio position cst,al)lis]lcd  ahovc. 1~’or cad

iltlagc a scalil)g lcvc] for the 1’S}” was dctmmind,  below which a 1’S1”  l)ccalnc ill(list,illg[lisll:ll)lc

l)y cyc against, t,l)c l)acl<gmulld  cmissio~l. ‘1’hc  rcsu]ts lcafl  to tl)c follmvillg  l i m i t i n g  ma~llitudcs:

\J>25.5; 1{>24,(); a]]d 1>22.9. ‘I’l Ic I limit rcflcds tllc ]Ncasud l)rigllt,l]rss  of t,llc rcd sl)ot, ill F’ig.

21)., wllicll  i s  0 . 3  ]I)ag l)riglltcr tlim our scl)st,ivity  lilnit. Tllcsc limits arc ]lcarly 10 magni tudes

fail] tcrtlllall tlll(:~(:flcc:tic)l) llcl)ulaitsc]fat  all tllrcc wavdellgtlls+

W. Di scus s ion

ltisllotl(:  lltlilcl~~stl l])]isillgtlllat  I\cllav(!f ollllcll IIi~`allt c)l~cal 1(>1[11,(  Il(l(:(lJ~C )llllgstl {,llaIol>jc{:t.

ollc IIlajorclllc isthcstar’s lar~c ol)tfical ])olaIizzitio]l{)f  ll(%;  ill tllcil]tlo(lcli]lg{)f tllc scat, tcrijlg

clmdo])cs  of yolll Ig st,cllar ol)jcds, Wllit]lcy and IIartmall]l  (1992,1993)  fou]ld  tlllat, it, was wry

difliclllt to ol)taill SUC1l  a larp;c ])olarization wi thou t  olmuling  the ~(~]lt]iil star. A~}otllcr  CIUC is tllc

l)rcsc]lcc of illfrarcd icc and silicallc  almnpt,iol}s ill tllc s t a r ’ s  s])cct,rllll],  l)ot]l  of wllicll  a r g u e  for

Cxtilldjiol)s scvcra] ti]ncs .grcatcr ill]all t,llosc der ived @ fitting tlllc star’s o])t,ical spcctlru]n ( C o h e n

1983).  Illisll()ma  ])])alclltlt,  llat,o] )ti(alal)  clillfrarc(llig lltfc~llorvcli  fl'clcllt ])atllst ot, hcolmrvcr,and

tjllus am aflkt,ml ly diffcrcllt,  anlouuts  of cxt,inctio~l. l,astll,y) it IIad l)cmi l)clicvd that thcratioof

infrarml to o])tfica] lul)lillosit,y  for 111, ‘J’au was fairly large (7,0). IIall)allll aI)d l’crsso)]  (1992)  IIavc

idmltfific(l a ,groul) of suc]l  sources wl]icll  illcludcs Ill J ‘1’au, ttnd sup,gcstlc(l  Illat,  their s])cctra] cllcrgy

[listllil)lltiolls IIligllt  l)c distlortcd ly rcflcctcd light.

a. Ncbttla  MoI~tlLoIog~j

At its l)ri~llt co r e , tllc 111,  ‘J’au rcflcdion ncl~ula  a]q)cars  si~llificalltfly  diflcrcntj  frolll  t y p i c a l

youl]g  st(!llar ol)jcct rcflcct)ioll  lIcl)IIlac  olmmd a t  ar(:sc(ond rcsolutio]l. l{at,llcr tlla]] a smootlll

Co]nctary I)cl)Illa  distril)utcd symmctlrically about tfllc ou t f l ow  ax i s ,  tilt, illllcr mm of tllc 111,  ‘1’au

]]cl)llla  a])])cars  clu])l]ry  a]ld  lacks tlllc outflow sy]nlnch~  (1’’ig, 3). Most, of’ t,llc IIcl)lllar  light,

o r i g i n a t e s  ill a “C” slla])c(l  rid~c c)f clnissioll. 011 lnucll  lalgcr sca](!s  a silnilar IIlorl)hology  is SCW]l
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ill tllc 1111 83 rcflcctioll ]Icl)ula  (I{ci])urt]l  1989);  lIowmmr, in  the case of 111, ‘J’all tllc jet, axis dots

Ilotl tram tllrougli  tlllc o])rll  s i de  d tllc “C”. It is unclear whdhcr  sue]) Il]lcx])cchd  sul~arcscxond

struct,urcs  arc ])mxlliar  to 111, ‘J’au, or wlldllcr tllcy mip;llt,  also  bc rcvealr(I ill ot,l]cr YS() rdlcdion

IIcl)IIlac  WI ICI I imagd at, 11 S’1’ rcsolutjion.

‘J’llc o]lly  availal)lc .grou]]d-lmw]  image w]tich  al)]ma(hcs  lIS~’  rwdutio]l is tllc 0,4”  resolution

1 {  IKlll(l illfrarml S])(xl<lc  II)a]) of JIcckw’itl] cl d. (1  989).  WC llavc trallsformd th i s  2  ~lm image

10 a co]IIItlo]l sin: s c a l e  wit]]  lIIc VTI’’I)C2  l’555M~ ilnagcj and aligllcd tllcln Iy assunling  sl)atjial

[:oil)cidcl!cc  l)ctwccll tllc illframl star and the 3.6 CID VJ,A source. ‘J’llc result, is S11OWI1  as a contour

ovcr]ay  ill l“ig, 3. ‘J’l)c star and SW  lobe of the 2 j~m HC1 )ula am almllt from tllc WF’1’C2 ima~c

duc to Ifllc mucl]  larger (!xtlillctlioll at ().55 ~lm. ‘1’l]crc am two  clear silailaritics ill IIclmlar s t ructure

1 )ct,wccll t] lo two wavclcl  Ip,tllls. l~irst, son)c  of the lwi~lltlcst  nclm]osity cxtcllds castwd f r o m  t h e

star as a Ilarrow rid~c of clnissio]i  (t,hc l)ack  of tllc ol)tical “C” ). ‘J’lIc (jl)tical  ridge is oflsd  north

of  its illfrard (:(~llllt(!l])?lltf. Sccnlld, a faint arc of c]nissio]l  swcq)s  ]Iort II fronl tllc st,cllar ])osit,ion;

tlIc ol)tica] arc is ofl”sct  cast of its i]lfrarcxl  countlcr])arL. ‘1’hcsc  sil]lilar structllrcs and tllcir offsctls

witlll wavdcll~tlll call I)c lllldcrstood  if t,llc blucshiftd  outflow IIas cleaml a cavity along tjllc outflow

axis. Alo]Ig  ll]c walls of Illis cavity, the rcflmtillp; surface iol optical liglli will ap])car interior to the

rcflcctlillg  surface for ill frarml light (2. e.~closcr t o the OU1 flow axis), fm ol)tical ]Jllotolls  pcld)ratc
.>

a mucl)  slllallcr COIUINI1  of cavity wall matmial lx!fom  lmillg  scattmxl. ‘J’llus  tllc o])tical st,r~lcturcs

a])lmlr ofl’sd  toward tlic outflow axis, as WC obsmvc.

1( is ullclcar w’llatl Sivcs  rise to tjhc “ C ”  st)nlcturc ill the o])tical ~lcl)ula; two lmssil)ilitfics  arc

tllc distril)utiml  of almml)illg nlatcrial o~ t,hc dis t r ibut ion of  ]c!flcetill~  IIlatmial. A  f o r e g r o u n d

CIUII)I) ill tjllc (:ilclllllstlc:ll:il’ cmvckqw  could suIm])osc  a dark 1)10! on wllai might otlhmvisc a])])car

a s  a  sy]t]l]lctric Co]l]ctfcary ncbulao  Sucl  I a dun]])  Dmxl ]]f)t  I)c VW-Y IIlassil’c , and is ulllikcly to bc

dyJlallli(”all,y  St!al)lc. ‘J’ll(!  cllImIJ is almmt at 2 I{m, wlli(ll for a sta]l(lard rcddc]lil]g law suggests

tl]at A  ~, COII1(l 1)(~ at ]I]ost ii fc!w’  lnagllitudcs. Ilowcvcr,  litlt,lc or ]lo l(ddclling i s  olmmd ill tlhc

dal’li illtcrior of tllc “ C ” (1’ig. 21>).  A s  f o r  rcflcctillg ]Ilatcrial, tllc “{}” coll]d  arise froln citllcr

c]lllallcc{l  I’cflcctio)l  at, tll)c lni@lt rcgio]ls  (a s])m’ial scatjtming

ill tllc illtcrior of tllc ‘(C;” (Iowcr  column density of scattwms).
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A final ])ossil)ility  is that shadowing



occllrs a]ol)g  Ijllc ])cl)ula’s  lillc of sight to tlllc s t e l l a r  ])l)otoslJILcrc. 1 ‘ola]izat,ion ilnagill~ will  hd])

10 (lis(liltlill:lt(: alno])g  tllesc sccl]alios. ‘J’llc N]’; ann of t,llc nebular “C” is l)ou]ldd by t,llc axis of

tllc o])tlica] jet, wllicll  suggcsls t,llat the outflow dots  ])lay a role ill CIcfillillg t,llc ullmua] sllapc of

Illis ]](!l)ula.  It should  l)c clnpl]asi~ml tlllat tllc ncl)ula is I casollaljly syl)llllctric al)outl  tjhc o u t f l o w

axis at, low sul’face l)ri.glltncss  ICvc]s,  and 11111s all illlllllilli~td outflow cavity rcltlaills tllc gene r a l

fraltlcwork  for ally ]]]odc] tllatl cx])]ains  tlkc “C” l])or])l]olo~y.

‘1’llcrc is ]]0 dircd cvidcncc for  111,  q’au’s circumstcllar d i s k  ill our  \V1’I’C2  i m a g e s .  ‘J’llis

is not really surl)risillg, as t)llc disk is l)clicvcd 10 bc vm y o])tically thick at, visual wavdcllgtlls

and tlllls st, arligllt calll)ot,  ])c]lctratc i t s  int, crier. ]Iowcvcr, Lllc disk sltoll](l  tlrullcatc the optical

rcflcctliol)  )Icl)ulosit]y ill tfllc rcgioll ncarcstj  tllc star; thus tllc disk oricllt atio~l call l)c inferred from

tllc ])ositfioll allg]c o f  tfllc dcl]sc  contours  011 tllc S11’  s i d e  o f  t,l]e ]Icl.){lla. ‘1’ll(w!  Collt,olll’s follow

I’A 145°,  wllic]l  agrees closc]y  wit]l  tllc dirmtioll of clollg:ltioll of tll(~ lalgm  scale ] ‘C() s t r uc tu r e

(llayasl)i, ollaslli, all(l  h4iya111a 1993; Sargcl]t L; l~cckwitll  1991 ), of tll(: arcscco]ld sca l e !  1 .3  Inm

colltillllulll CONI (Sargcllt,  and l<ocr]]cr 1 995),  and of tllc sul)arcscco]ld 870 I/m collt,illuuln sourm

(I,ay ct ol, 1994),  l{odrigucz  cf d. l,avc ],rol,oscd a disk o, ic]]tatio,i ,,(x,, I’A 90° o,] tl,c lmsis  of al)

castwar(l cxtcllsioll o f  3.6 c]tl collti)luum clnissioll ill t,hci) V1,A lna])s. 0111 11S’1’ olmrvatlions  do

llotl Sul)])ort,  tlllis, a])d su~gcst instead tjllatl tllc radio cxt)mlsiol} could IJC tracing tlllc salnc s t ructure

mrllicll gives rise to tllc cast ridge of o]~tical  and near-]1{ nrbulosit, y at tllc same location.

If tllc dc])sc  contours  o]t tllc SW cd.gc of tllc l]cl~ula do  tracx! obsculat,ion  ly tllc circumstdlar

disk, tllcl) furtlllcr ill fkrmlccs  call be made al)out tllc fornlatioll  of tllc cal’ity. ‘J’l]c rcgioll wl]crc  tlllc

])cl)ular co]ltours lic ])arallcl to t,llc disk l)lalJc  cxtc]lds mm a lillca] distallcc of almut 100 AIJ (0.7”);

tlllis sliolll(l  concs])o])(l to tlllc dialtlctlcr of t)llc olltlflmv cavity wllrrc it lIJceis  tile d i s k  ])la]ic.  “J’his

dialllctcr is cssclltlially  tllc salnc as tll]c disk dialnctcr m e a s u r e d  at slllj)llillilltctj{:l.  and mi]limctcr

wa,v(:l(:]l~(,]ls  (], ay ~i al. ] ~]$j; salg~!llt, all~] ]<ocl])c~ ] 9 9 5 ) .  ‘J’llis  agrcclllcllt is ullli]:c]y  to bc lncrc

coillcidcllcc; illstca(l, it s u g g e s t s  t,llat a sillglc  l)llysical  l) Ioccss (lctcr])lillcs tllc sin scale of botlk

Stl’llct!lli’cs. ‘1’llis ])roccss  could lN il]fall,  ill wllic]l  case  tllc allisotro])ic (olla]m of a rotating cloud

cow l)rodllcm t])c  cxis(il]g (lid< and ]cavcs  l)cl)illd  cvacuat(d  l)olaI  ca~rit  irs (1 loss  1987), lJ]Idcr this

illl(:l])lct:it,ioll, tllc lillcar extcld of ])arallcl colltlours  at tllc SW  d~c of Illc IIc})ula  would corrcs])oIId

7



to tlkc dia~lictm of’ tllc cmlt,rifugally  su] )portcd disk, Allot  l]cr  ])ossil)lc  (Ixl)lallalioll for  tl]c similal

siyjcs  of tlllc disk and tfllc lMsc of tlllc o])tica]  nebula cou]d  1)(: a disk wi]id  origin for aII outflow wllicll

Crc!at(’s tltc cavity.

137it111 Illlc star

radial velocitlics  of

fr(ml  tlllc<j(’t  could

sccll  o]l]y by rcflcc{,cd li~llt, it, is possil)lc  t,llat, tl]c  killclllat, ics infcmd froln tllc

ol)l)ical Sl)mtjral  f ea tu re s  lnay l)C distorlcd ILcar tjllc star. optical  cnlission lillcs

l){! allolllalously l)lueslliftml l~yrcflcctliol)  f r o m  statiollal”y IIlalcria] alo]lgt,]lcjct

axis. 'l'llis (` fl'(:ctf llasl)ccll ol)sclv(:(li l)tll(`f ollllof lLigllvc locitjyl) lllcItiligsill tlliclIII ljct, l)y Self

and 116111])  (1991).  Sill) ilarly, rdslliftlcd 8 8 0 0  AC!Z aljsor])t,ion  fcatums  olmrvcd  by Grasdalm  ct

al. (1989)  could arise via illfall  of tl)c rcflcct,ing  c louds ilmvard  (Il)c s~al illstcad of illfall  along our

lillc ofsigllll tlotllc IIel)ula.  (;ilclllllstcllall<  il)(:lllatic sclcriv~>(l  froll~ A <  I//]t]  s])c(l,~osco])~~]l]llsi,  1.)c

illtlc:l]))(:tat(’(l wit,ll cautjioll.

Almw])t,ioll  fc:~tll~f:sll  tlvcoccasio~lally  l)ccl~sccll illtll(o ]Jtic:lls] )(:(: tllllllofI 11, r] ’all, and from

tl)csc ~L stjcllar s]mctra] t,y])c of 1<7 was cstfimatcd by Col]cn  and l<ulli  ( 1 { ) 7 9 ) .  l)rcvious WOr];CrS

lIavc  a s s u r e d  tlllat) tlhc o])tica,] pllotolnctryof  I l lJ Tau coIrcs])olldcd Lo a rcddc]lcd  ‘I’eff = 4 0 0 0

1< ])llot,os])h(!m , a]ld  fit tlllc optical s])cctlrum  to derive tlllt: Cxt)inctjioll al]d  tllc stellar l u m i n o s i t y .

IIcst l~rior cstilnatcs o f  t,llcsc ]mra~nct,crs  w e r e  all cxtinciioli  AL,. =. ;1-7 IIlag and a  lumillositly

o f  1  1,6) (I;d{witll  ct d. IWO; A d a m s ,  l;mcrso]t, and l~(lllc!r 1989). ‘1’llc o])tica]  illvisil)ilit)y  o f

tllc stal rc]mltwl il} tlliis ]ml)er  rlcarly illdicatcx that, tll(sr ])rcvious  IIllllillosity a]l(l cxtinctioll

(lc:tclll~ill:ltlio)ls  lnust,  Iw revised,  al~d tl~at a ]]cw asscssnlm~t  of 111,  ‘J’au’s  stdlar (:ll:ll”act,clist,ics  and

cvollltiollary  st,at,c is rcqllid.

Ally stlldy of 111, ‘J’all’s  s])cctral  energy (list,riljlltio~l  mllst l~cgill l)y i(l(’lltifyi]lg  t,hc co)lt,ribut,ion

o f  tllc Stl(’lla]’ ])hot!os])llm”c. llllfoltllllatlcl~~,  it is now deal tha t  l}o d i r e c t  ol)tfical ])llotolnctry  o f

tllc star is availal)lc; tl]crc is oll]y tllc l)rightness  o f  t h e  ct)lll])act  rcflmliol]  IIcl)ula,  a n d  limiti]lg

IIl:lgllit,ll(l(:sfitl  tfllcst,cllar ])osit, ion. ‘J)llus  it is not l)ossildc to derive dircctl]y  a stdlar IIlll)illosit,y  and

cxt,illct,iol]  ~\~itlll()lltj  illtll()(ll l(ill~ol lt)si(lcas  slllll]~tiol]s. Ollcsilll])l[la])])Ioa{:l}  istlolls(:t  ll(:])llc)tlolllc!  tlJ~”
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t]lat Illlc rcflccllcd  liglltf distril)ut~!s  isotro])ically, al]d  tjllat Sroul](  basc[l  cxtillction  clctlcllllillat,ic)lls
)1

are corrcctl  for  tllc ill(lircct,  l)atll] followd b y  ligld  froln tllc star, t,l)c l]cl)ular s o l i d  allglc suggcst)s

tha t  tllc Iruc o])tica]  lulnillositjy  lnust bc 6-7 tilncs grcatel than ])rm’iolls  groulld-lmsd  e s t i m a t e s ,

o r  6-7 I,OJ.  ‘1’llis gcol)lctricaJ gain factor  is  dcpcn(lcntl  011 tllccxact clistiillc(:l)ct~t(:cll tll)c star and

tllc ]lcl)ula, a])d t]lus l~lust lJC collsidmd ullccrtaill  by 3 0  % .  Additional  llnccrtai~lty COIIICS  f r o m

tllc ulillsllal IIcl)ula  lllor])l]olo~y,  w h i c h  s u g g e s t s  tfllat  so]i]c of tllc s tar l ight  emcrgil]g witllill illc

]Icl)ular  CO]IC IIligllt  esca])c  al]d  IIOtl 1.)c bc olmrval)lc via r{ ’flcctjioll.

A  sm)Ild zl])l)l()a{llfc  )~estilllati]lgtllcs  tcllallllllli~ losityist()extl  ;l])()latctllcst(:llals  ])cct1ll]ll

into t)llc visil)lc frolll  IIcar-illfrarcd  wavclcng~l!s,  aud illt,cgr{itctllis to (lclivc a lunlillositly.  U’itll the

o])tlical cl]lissioll  f rom t)llcsystmn clolllillatc(l l~~’]cflcct(:cl  li[:ht  and t(ll(!il]frarcd  clnissiol]  dolninatd

l)y {Yil(:lll]lst(:lla)  IIlattjcr, tlllc nea r  illfrarcd phoio]nct,ry  oflt:rs  the best o])lmrtlunitly  to isolaic pl)o-
~ -S

tos])llcric fll]xes. At, 2.2 ~11]1  ill ]mrticmlar, tllc s]xx.klcilnap,c of IIccl{witll  cl d. (1{)89/]  984)  c l ea r ly

S11OWS a ])oilltj source wllicll  contains  70(% of thctotla] 2.2 ~(]a flux. ‘J’ll(iljtcgjaic(ll{ magnitudcfor

llljrJ’all is 7.1 (Stmlll c1 d. 1989);  tjll(:])oillls olllccl)  }~itlsclft  Jl]lls(( )ll(,s])()ll (lstj()l {=- 7.5. IIowcvcr,

t h i s  ])oi)lt, sourm  i]lcludcs otl)cr SOU]CXIS  o f  cl]lission  ilk addition  to tl)(’  st(!llar  1) I1oLos1)I]cIc.  At

ol)tlical  wavdml~tlls  tjllc ])llotlosl)l]clic  almor])tion s])cctra of tllc ]Jlostj a c t i v e ‘J’ ‘J’auri stars al)~mar

wasllcd out duc to clnissiol)  f r o m  a strong  vcilillg contillullm. ‘J’llis  veiling is l)clicvcd  to rc]ncsm]t

Cll(!l’gy rd(:asc(1 l)y accrctiol] ilt 111(: s tar /disk l)oulidary  1:1~’~1’, and call l)c ]Ilucll lmiglkcr t,llall  tllc

star itself at, visil)lc  w{ Lvdengtlls  (Ilart,igall ct al. 1991).  At, lollgcr mra~rclcllgtlls  collt,inuula cxccss

fl()ll]t llc~'('ilillgll  llllill()sity{lc (:l(:as('s,l)ll  t4tllcllllal(`llli  ssic)llftC)I  lll~()t(lllstill tlllc(”ilclllllstc:llatclisl:

l)ccolllcs all illcrcasillg a]l(l cvclltua]ly dolnillantl colnl)onclk o f  t,llc ])llotos])llcric cxmss.  Stlrola  ct

al. (1989)  l)avc  foul](l cxccss clllissioll a s  l a r g e  a s A K = -  ().6 ma?, al)ovc  ])llc)tc)sl)ll(:li(: lcvds  f r o m

lmMdlmIId  ])llotoli~c:tllyof  (:l:lssical (l’rJ’auri stars. J’;itlll(!10 ftllescll lc(l):lllislllslll  t~y produccexccss
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2~lltlc:olltilllllll)  l(!ll)issi(J1li  lltllcll lJrl`allli])cJ  illtscjll lcc,allrlt llllsaflkctJ  lllc:l( IIlagllitlllcle  cstilllatc(l

almvc. .1. (;an has IIlcasurcd tllc tl~c veiling of H], “1’au ill t,l]c ]Jl)otc)s])l](’li( 2.3 l~m C() l)alldhcad

alm)r])tliolls,  and fill(ls  IIllatl 80(% of t,l]c continuum cmissioll at, this w’avclc]lgtll  derives from veiling

(])crsollal colllllllllli(:at,ioll).” ‘J’llis  a(ljusts tfllc ]Jllotosl)llcri( magnitluclr  corrcdcd for rcflcxtion a n d

veiling (l)utl II(lt,{:x(ill(:tli[)ll) 1,01{=-  9.2.

lftllis w e r e  Illlc I,ruc l)llot,ospllcric 1( IIla,gllitudc, a  4(100  1{ l)lacl<ljody  could l)C cxtra])olatfcd

frolll  t]lis ])oil)t  to give ]mdictcd ])llc)t,[)s])l]  (!ricvisllal lna[)nitudcx fol V, 1/, a]]d 1. ‘J’lICSC  am V = -

12.1, 1{== 11,2, aI]d 1= 10.7. Alollgwit]l tllc observed limiting map,llitllclcs  at tllc stdlar ])osit,ioll,

tllcsc dct,crlllilic cxti)lct,ions o f  Av >  1 3 . 4 ,  AI{ >  12 .8 ,  and  A l  >  12 .2  a t  tllc st,cllar ])ositioll.

Noh t,]lal, t]Icsc  arc t])c  cxli]ictio]ls ~oward  t]lc U? LSCCT1  ])oint  source. ‘J’llcy arc llotl a])l)lical)lc

{0 analysis  o f  tllc rcflcctioll I)cl)llla  ])llotlollldcl}~,  wllcrc lllc ligl)t  tali(’S a diffcrcllt ])atll t o w a r d

t]lc O1)SCI’V(!l’. l“or tlllcsc V ,  1{, 1  cxtlinctlionsj  standard  rcddcllillg lams ])rcdict sigllificallt,  K band
. ,.

Cxtillctliolls  cxcccdillg 1.3, 1.7, and 2.1 lnag rcsl)c(tivcly.  It, is dear t,llat tll(! 1 band lilllit, l)rovidcs
A-.

{lIC stro~lgcst collst,raillt,  011 t,ll{! l$l)and  cxtinctioll  and i]lus on t,llc toia] l u m i n o s i t y ,  {Jsillg  t,llis

va]llc,  tllc corrcctlcd ])llotlos])llcric  1{ magllituclc would  1)( < 7 . 1 ,  t,lle cxl)c(t,cd V <  10.0,  and t,]lc

c(]uivalcl)t,  At/ > 22. A 4000 1{ Llacl<body  throu~ll K< 7.1 has a total lllltlinosity of > 3.0 I,c) at,

111, ‘I’:lll’s  (listfall(:(:o f14(l ])c; sccl’ig, 4 .  ‘1’his IIllllillosity cst,imatc lllust I)c collsidcrcd ullccrtaill

l)y 30%, dllc 1,0 tllc ol)tica] aIId i n f r a r e d  v a r i a b i l i t y  o f  111,  ?’au (l{ydp,m]I ct al. 1984) a n d  t,llc

lad of  silnultallcous  ])llotolnctlry.  Itl would  l)c very  valualdc to llavc  lligl)~esollltioll  i m a g e s  a n d
.,

v(!ilil]g  lll(::ls~ll(:lllc’lltls at, otlllrr IIcar-infrarccl  w~avclcllgtllls. ‘J’his  (ollll)ill:ltlioll”  of data would allow

111(! ])llc)tos])ll(:li(: flux to l)C isolated from vcilillg and rcfl(:ctioll  (olltlil)lltiolls as dollc llcrc for K

lmlld, all(l  wou](l l)uil(l  u]) all actual s])c:ctl;~lcl lcrgycl ist)lil)lltlioll fortllcs tar all(l  thcvci]illg.

l$7(:l)(:li(!~~c:tll?ltlj > 3.01,C1 ist,llc l~C:st, ])ll()tlos])ll(:licl lllllill()sitfy( :stilll?it(Cll l](:llt,lJ~availa  l.)lcfol

lllJ’J’aIl. ‘J’ll(:  sJ~st(:)lll lllllillositf~~, lvlli(:ll iliclllcl(:s l~()tllt lllc],ll()tl()sl,llcl(  [ill(l tll(:ol)tical~  ~cilill~flolll

accrct, ion, will l)c si~llifimlltlly larger. A  systcm lunlillosity of G-7 I,c) is illdicatc(l by t,ll(:g(:olll(:t,ri(:

dilut)ioll  ill(lucc(l  l.)y tlllc rcflcctlion  llcl)ula on tllc lulllillosity cstlilnat,cs  o f  l)rcvious WOI.l;CIX. ‘J’lljs

valllc is rcasollal)]y  close  to tllc l~olol]lctlric  s,ystcm  luminosiljy  of 5.6 1,~~ d(’rived l)y Cohcnj l’;mcrsollj

and IIcicllll]all (1989).  ‘J’])c  ])l]otlos])llcrc  thlls coniril)utlcs ill~Ollt  lJalf  tllc IIllllillosity ill tllc syst,clII.
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l’rc-lnaill scqucllc:c  cvollltliolla,ry  tracks run vcrtica]ly ill tllf: rcgioll of Il]c 11-1{  (Iiagram a])])  ropriat,c

to 111,  ‘J’auri (lJ’Aldol]a and Mazxitdli 1 9 9 4 ) ,  and tl]us Ihc new’ IIl)uillosity of 3 I,(.J r ev i se s  t,hc

tllmrc(jical agcof  t)hc star down  tfomly  1(15 ycarsc

ill, rl'~~ll  istllllss igl)ifit:alltly yollllgcrtl la)listy]Jicalfol  classical’J’ rl’:llllis tarsil~rJ  1a[lll[s-All~iga

(ages% 10[” yea r s ;  Strolll ci 01. 198!1; IIcckwith  et al. 1990).  ~’llclal’gccx(ill<tioll found t o w a r d  tllc

star aI~d {Il]c  I)rigl)tj {il(:lllllstl[:lla~  rcflcctioll ncbulmity  arc! rcmiliiscent o f  otlhcr  cm]mldd  youl]g

stars S1lCIL as ],] ~5] 11{S5, a]ld  ;Lrc ]Iard]y  tyI]ica]  of ‘J’ ‘J’aur;  stars. l’h’i(lcllcc  f’o] aIJ illfallil)g cIJvclopc

(ill 111,  ‘J’aLl ]las  I)ccl] d e r i v e d  fro~t] i~lftad spcdral  model  Ing aII(l  l)]illil]~ct,(:l-~v;~~~(~  liillcmatics

(Calvd d [/1. 1 9 9 4 ;  JIayad]i d d. 1993).  ‘J’l)rsc  lVl~l’C2  i!fagcs, w1][.11 colnl)illd  w i t h  t,lic otllcr

cvi(lcllcc, IIlalif’ c l e a r  tll)at, 111.  Tau is ill an intcrmmlial c s t a g e  o f  ])rc-maill scqllm)cc  cwolutioll

1 wt,wcwII 1 )rotmt,ars all d classical ‘J’ ‘J’auri stars.

V .  Conc lu s ions

-11-

1. Ncw  W1’’l’C2/1lS’J’  olmrvatimis  of 111, ‘J’auri rcwal that this ol)jcct,  is actually a compact

rdlcctliol] llcl)ula at o])iical lvavelcl)~tl)s. ‘J’here is no optically visil)lc  star to a lilllitillg magnit,udc

of V: 25.5;  tlllls ]11, ‘J’auri is dccq)ly cmbcddcd  iu s u r r o u n d i n g  (:itcllll-lstcllal’  lnattcr.

2. ‘J’lIe lwigllt core of t IIC ]dedioli  n(:l)u]a  lIas all u] Iusual  ]I]or])llology  wllicli  ladis symmet ry

almui, tlllc ollt, flow axis. ‘J’llc shar])  southwest ,  edge of  tllc nelmla dcfil]cs  a dis]i ]msition allglc of

] 45° Witlli]l  ho Al] d t]l~ Stal’, and ShOWS  that t]l(!  di~llll(’t(}l’ Of t]l(! OUt ~lo~ir  (aVity  iS (:ollll)a~ablc  ~10

tile dis]i dialnctcr ( 1 0 0  AIJ)  W]ICrC  th(: two  stru((urcs  m(ct.

3. 1 ‘rcvious (Id,crlnil]at ions of the ]ulninosily  of 111,  ‘J’auri ar(!  olm]clc. ‘J’llc l]CW value for tllc

l~]~otosl)]](!li(:”  llllnillosit,y is 3.0 l,(. ), tllrcc t imes largm tlla]l p r e v i o u s  (’stilnatm. ‘J1llis mluccs tlic

tlleomt,ical agc of tllc systc]II  to just 105 years. WC cstinlatc Av > ’ 2 2  IIlag toward tllc u]mm lmillt,

Solll”c(!.



4. ‘1’llc  case of }11, ‘1’au suggests  that ot])m o])ticzil]y visible youllp, stellar ol)jccts with large

]Jol~~lix;~tic)lls  and illfrarcd lun)illosit,y  cxccsscs l~~iL~ actua Ily bc scm) vi:i rcflcctiol) ( 1 ’ V  Ccl),  I)G

‘J’au, ctlc. ) IIlfl(:l])l(:tatlioll  of tllc s])cctral Clicrgy  distribut  i o n s  f o r  sllcll  “o])tically visil.)lc” soumcs

lilay rcqllirc rcvisio]l, as suggcstd by IIalnal)n and l’crssol]  (1992) .

WC w i s h  to tl)a]lli JOII]I  Cam (()]lio  S t a t e  Ullivcrsit,y)  for l)lovidi))g  us will]  a 111(’as~i~(:l~l(:llt

of Ill J ‘l’au)s  2.3 ll]icroll  collt)illllum  veiling. W7C a l s o  tlllallk  tllc rcferc(!  for llsdu] co]nmm)t,s.  ‘J’llis

TVOII< w~is collduct,d  at, t,llc Jet, I’mpulsion l,al)oratory,  C a l i f o r n i a  111s(  itut,c of ‘J’ccll IIology, and

at tllc SImcc  ‘J’CICSCOI)C %ic]lcc l)wtitutc ol)cratcd b y  AUI{A,  u]ldcr colltract,s wit]] tllc Natio~lal

Acrollautics  and S]mcc  A[llllillistr:ltioll. 1{1/S acknowld,qcs  SUIJ1)OI1  f’-o]u  t h e  N A S A  (higins  of

Sohir Systrms l{cscarcl]  l’rog ram.
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Figure (!aptior]s

I“igurc 1 l’late X. A  logarithlllic  grcyscale  dcl~ictioll  of L1]C lV1’’l’(~2  1~55514~  image of 111,  ‘J’au,
CO]) l] EirCd to a groIIII&l)asd V in):~~c talcc]I w i th  2“  sccilig.  IIot  1] il}lap,rs am 7 . 5 ”  squar~.  Nol(,}l
is u]) aIId cast is to Illc lcftl.

Vigurc  2. a) A co]ltour ]lla]) of tl~c Wl~l’C2 l~555M~ il))a:;c  of 111,  ‘J’:iu( ‘J’l\g liigl]cst c o n t o u r  ICVC1
Corrcs]x)]lds  to a surface 1 miglltl]css  of 14.7 lna~ l)cr arcscc;), t]lc lowest, K’(m’e~)olKls  to I 8.7 nlag ])CI’

‘2. 2.1)) A coIltou IIla]$of  t,l)c! ]~555\~~-~~8J  411TaMmC2,  a]ld  tlli{! coIIt, our illtlcrval  is 0.5 mag l)cr  arcscc
(color distril)utlioll i)] I,llc 111,  ‘1’au rcflcctio~l  l)cbula (csscljl  i ally cquiva CIIt 1 o,,tjhc W] co lo r ) .  ‘J’lIc

colltlour  iltllcrva]  is 0.25 ]nag, ‘J’]lc data has lmc])  s]oootllcd over a 3x3 ])f~pl  l)ox, and tllc color lna])
]Ias Imcll  t,rullcat,cd  1,0 illc]udc only rcgiolls of good siglla]-  t,o-noise ra(io.

l“igurc 3. l’]atc X+ 1: A colLtour  ~ila]) of the \k’l~lJC2  l’[)55\4~  il))agc  of 111,  ‘J’all (dark co]]tours)
o v e r l a i d  oIl I,llc 2 . 2  ~~]n Co]lt)ollr real) d IIdwit 1] ct a l .  (1  989) (grcy co]ltours). 1]] tllc 11S’1’
illlagc, t,llc IIigllmt,  CO])t)OUJ  cmm:s]jonds  to a surface in’ightllcss of 14.7 ltla~ ]wr  arcscc 2, the lowest
Cs)l’l”cs])ol)(ls  to ) 8.7 IIlag ])m’  al’mx? ‘2. IJdiWitfll’S, and tllc colll our  llltcrval is ().5 I]la{; ])cr ar(’sc(,
grcy l)ar rllllliillg at I’A=. 146(’ illdicat,cs t,llc l)lallc of t,llc disk scc]~ ill molecular ,qas.

Vigmw 4. ‘J’l)c S]mtra] lf~l]crgy l)istribution  for  111, l’au. ‘J’llc ])lloios])]l(li(  1{ llla~llit,llcl{: corrcctcd
for reflection, vcilillg, all(l cxt)inctiou i s  7 . 1  (illdicat,cd b} tl]c * ) . ‘1’1)(’ O])cll  Sqlla]’cs  rc])rcsclltl
olmrwxl  glollll(l-1.)as(:(l II]agllit,udcs  froln Stroll] et 01. ( 1  ()~!~).  ‘J’l Ircc bals all tjllc to]) lcftl rcl)rcscllt
WFI’C2  ]~llot,olllctry  d t,llc ncbda; a t  t h e  l)ottmn left, tlINXI  b a r s  rcIm’scld  tl]c IW’I)C2  ul)pcr
lilllits to tllc stellar jmil~tj soumc IIlagl)itudc. ‘J’llc dotted lillcis all lllirml(lc])d  40001< hlacklmdy;
ttllcs()li(l  lillclc]}lt:s(:lit, st, llisl~l:~cl{l)o( l~~~e[l(lcllcclbyA  v== 22111  ag, ~rlli('ll istll(~l ~liIlillll~lll[ :xt,illct,ic)ll
required to I)c collsistc!llt  wit]l tllc olEcrvd  lnagnillldc  limits,
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